Objective: Our goal was to identify the ATP-sensitive potassium (K ) channels in cardiac Purkinje cells and to document the ATP functional properties that might distinguish them from K channels in other parts of the heart. Methods: Single Purkinje cells and ATP ventricular myocytes were isolated from rabbit heart. Standard patch-clamp techniques were used to record action potential waveforms, and whole-cell and single-channel currents. 
Introduction
channels will shorten the action potential duration (APD) 21 [3] , limit Ca influx, and decrease contractility [5] [6] [7] ; but that glibenclamide, a blocker of K channels, diminishes approximately 18 min with the solution described above ATP the ischemia-induced APD shortening [10] . Furthermore, supplemented with collagenase (273 U / ml, Worthington prolongation of the APD with glibenclamide during istype II), protease (5.2 U / ml, Sigma type XIV), and 0.1 chemia produces an anti-arrhythmic effect [10, 11] . mM CaCl . Following this enzyme digestion, the heart was 2 Shortening of the Purkinje cell APD during ischemia perfused with enzyme-free Tyrode's solution containing 21 may make the myocardium more susceptible to arrhyth-0.1 mM Ca for about 5 min, to wash the enzyme from mias, particularly of the reentrant type. For example, recent the tissue. The heart was then placed in a dissecting dish 21 three-dimensional modelling of Purkinje / muscle interaccontaining 0.1 mM Ca Tyrode's solution. Purkinje fibres tions demonstrate that the Purkinje system is critical in the from both ventricles were dissected out and placed in a initiation of reentrant arrhythmias [12] . Previous studies, small dish containing fresh enzyme solution (described using computer mapping of a heart subjected to ischemia above). Dissociation of individual cells from the isolated and reperfusion, have also shown that both afterpotential fibres was aided by stirring of the enzyme solution with a and reentrant type arrhythmias occur [13] and have sugteflon-coated stir bar. The temperature was maintained at gested that these may be initiated in the Purkinje conduc-378C. Periodically, aliquots (100-200 ml) of enzyme tion system [14] .
solution containing Purkinje cells in suspension were 21 K channels have been identified and investigated in removed and added to about 5 ml of 0.1 mM Ca ATP many regions of the heart including atrium, ventricle, AV Tyrode's solution. Fresh enzyme solution was added to the node [3, 4] and SA node [15] . However, in single Purkinje undigested Purkinje fibres to maintain a volume of approxcells, we are not aware of any reports of direct recordings imately 2 ml. Digestion of the Purkinje fibres into populaof whole-cell or single-channel currents through ATPtions of single myocytes required between 15-60 min 1 sensitive K channels. Nonetheless, a variety of evidence under these conditions. suggests that Purkinje fibres do possess functional K Ventricular cells were also isolated from the same hearts ATP channels, and that these can have an important influence on using the method described above. When the Purkinje their electrical activity. For example; application of K strands had been dissected from both the right and left ATP channel activators [16] [17] [18] or hypoxia [19] has been ventricles, the left ventricle was removed, minced and 21
shown to produce a shortening of the APD and a slight gently swirled in 0.1 mM Ca Tyrode's solution. The cell hyperpolarization of the membrane potential in Purkinje suspension containing ventricular cells was then diluted fibres. Given the potential importance of K channels in with Tyrode's solution and stored in a beaker at room ATP modulating Purkinje cell excitability and modifying the temperature until use. An aliquot of either Purkinje cells or likelihood of potentially lethal arrhythmias [17, 18] , we set ventricular cells was placed in a perfusion chamber out to identify Purkinje cell K channels, and to describe mounted on the stage of an inverted microscope. Cells ATP some of the macroscopic and single-channel properties that were left to settle for about 10 min to allow them to adhere may distinguish them from K channels in other cardiac to the bottom of the chamber, and were then superfused ATP tissues. with oxygenated HEPES buffer.
Solutions 2. Methods
All solutions were made with double-distilled, de-ion-2.1. Cell isolation ized water. In recordings where transmembrane macroscopic currents and voltages were measured, cells were Purkinje cells were prepared from rabbit ventricle using superfused with previously oxygenated HEPES buffer of techniques described previously [20] instances pipettes of 10-15 MV were used to obtain only a potentials in symmetrical [K ] , and the internal face of the single channel in a patch. After the establishment of a seal membrane patch was exposed to either 0, 0.5, 1 or 2 mM 21 (.10 GV), the pipette was rapidly pulled away from the Mg in the absence of ATP. Single-channel currentcell, yielding an excised, inside-out patch. The inside face voltage relations were determined as described above. All of the membrane patch was directly exposed to test data were analyzed using pCLAMP v 5.5 and 6.0 software solutions, via a multi-input perfusion pipette with a (Axon Instruments, Inc). common outlet, at a flow rate of 100-150 ml / min. The time taken to change solutions was less than 2 s. All 2.7. Computer simulations of action potentials single-channel recordings were carried out at room tem-1 perature (20-228C). For experiments using asymmetric K Action potentials in Purkinje cells were simulated using recording conditions, single channel currents were ob-OXSOFT HEART version 4.4 (the model is updated from tained at a holding potential of 0 mV. DiFranceso and Noble [23] 
Results

Cell morphology
Cells were identified on the basis of morphology and some of their electrical properties [21] . The shape and size of the rabbit Purkinje cells isolated using our technique differed significantly from ventricular cells from the same heart. Typical rabbit Purkinje cells were longer (approx 130-140 mm vs. 90-100 mm) and smaller in diameter than ventricular cells (about 10-15 mm vs. 15-20 mm). The resting input resistance of the Purkinje cell averaged 191615 MV and the mean capacitance was 5366 pF (n515). In comparison, rabbit ventricular cells had an input resistance of 36613 MV and a capacitance of 82611 pF (n515). From these values it was estimated that the macroscopic conductance at rest for Purkinje cells was 99 pS / pF and 339 pS / pF for ventricular cells. 
Effects of ATP-sensitive K openers on action potentials
The action potential waveforms of both ventricular and Purkinje cells from rabbit myocytes were recorded. Fig. 1 shows representative action potentials obtained from a rabbit Purkinje cell (A) and from a rabbit ventricular cell (B) recorded under the same conditions. Both cells were stimulated at a basic cycle length of 2 s. When the two The mean current-voltage relation from four Purkinje 3Bii show the differences between currents before and cells is illustrated in Fig. 3A . Under control conditions, the after addition of levcromakalim from the Purkinje and I-V curve shows a large inward component (I ) at ventricular data sets respectively. In both groups, the K1 potentials negative to 280 mV; at potentials positive to subtracted currents reversed close to the expected equilib-280 mV there is little current in the outward direction.
Effects of ATP-sensitive K openers on membrane currents
rium potential for potassium (284.7 mV) calculated for the Addition of 10 mM levcromakalim resulted in a substantial potassium concentrations and temperature used. increase in the magnitude of current in the outward direction after 2 min application. active in the resting Purkinje cell, we tested the effects of potential shortening. However, we predict K channels ATP glibenclamide on action potential waveforms under norare also capable of opening under conditions of metabolic moxic conditions. In 6 Purkinje cells, glibenclamide alone compromise such as may occur during ischemia. In order did not alter the APD significantly. The APD under control to test this hypothesis, we exposed Purkinje cells to NaCN conditions was 387647 ms. After 10 min exposure to 5 and 2-deoxyglucose, inhibitors of oxidative phosphorylamM glibenclamide, the APD was 393642 ms. Fig. 4A tion and glycolysis respectively. In 3 Purkinje cells, shows the action potential waveform from a representative exposure to 2 mM NaCN and 10 mM 2-deoxyglucose Purkinje cell, before and after application of glibencaused APD to shorten from 376651 to 153621 ms after clamide.
6 min. Addition of glibenclamide (5 mM), in the continued presence of NaCN and 2-deoxyglucose, caused the APD to 3.5. Activation of Purkinje K channels during partially recover to a value of 321644 ms, after 5 min ATP metabolic compromise application (Fig. 4B) .
We have demonstrated that the addition of K channel 3. and with symmetrical K , the single-channel currentvoltage relation was almost linear. The degree of outward current block by 1.4 mM magnesium was similar to that previously observed in K channels from guinea-pig ATP ventricular myocytes [28] . Magnesium dependent block was observed in all single Purkinje cell K channels ATP tested (n57 patches). In order to quantify the magnesium dependence of inward rectification, further experiments were performed on 3 patches containing single channels. The effects of a range of internal magnesium concentrations (0, 0.5, 1 and 2 mM) were evaluated at three positive holding potentials. Fig. 8A shows the reduction in single channel current as internal magnesium is increased (holding potential5160 These parameters gave an acceptable qualitative description of the magnesium block, however a more accurate amplitudes measured in the presence and absence of Mg, blocking model to precisely fit the whole data set with a respectively, [Mg] is the internal magnesium concentrasingle set of parameters has precedent in other analyses of tion, K is the dissociation constant of magnesium at 0 mV, K channel block [30] [31] [32] . Specifically, in all of these o z is the valence of magnesium, d is the apparent electrical studies, the apparent electrical distance, d, increases with distance from the cytoplasmic side to the magnesium increasing blocker concentration. This probably reflects the binding / blocking site, E is the holding potential. F, R and competition of the blocker and potassium ions for the T are the Faraday constant, the Gas constant and absolute several ion binding sites now known to exist within a K temperature, respectively. A least squares fit to the global channel [33] . In the case of the data of Horie et al. [28] , work of Horie et al. [28] and rabbit Purkinje cells in our [21] . The action potential duration is very sensitive to the own study. This minor difference provides a further hint of intracellular ATP concentration, even in the physiological the possibility of small, but functionally important, molecor mildly pathological millimolar range (Fig. 9) . Decreasular differences between K channels in Purkinje cells ing [ATP] , and consequent activation of K channels, ATP ATP and ventricular myocytes. results in significant action potential shortening. This suggests that the activated I is contributing a signifi- Fig. 9B,C) . Together with the fact that glibenNoble [23] , as implemented in OXSOFT HEART version clamide did not significantly change the APD in normoxic 4.4. Specific details are provided in the Methods. Simuconditions, the simulations suggest that, in the Purkinje lated action potentials for a range of ATP concentrations fibres during our action potential recordings, the ratio are shown in Fig. 9 . Our results suggest the following:
[ATP] / IC $100. This implies that the IC for ATP 50 50
The prominent phase 1 repolarization (and associated inhibition is slightly lower than the value we measured in notch) and the long duration action potential in Purkinje excised patches due to the presence of one of the K ATP cells are explained mainly by differences in the I and I channel's other cytoplasmic modulating factors. A deto K1
current magnitudes compared to ventricular cells [21] crease in IC to between 0.53 and 0.23 of our measured 50 which were altered in the model according to experimental value would probably account for our observations. Energetically, this decrease represents a change of ,1 kcal / mole in the free energy of ATP binding from the value Table 1 21
Voltage-dependent block of single K channels by cytoplasmic Mgimplied by our measurements. 
Discussion
Our results show that isolated Purkinje cells from rabbit evidence consistent with the notion that Mg enters the transmembrane electric field and blocks a multi-ion pore, in which ion-ion interactions can occur. clearly controlled by intracellular ATP, but it is now have questioned this hypothesis (e.g. [43] [44] [45] ). In the case generally thought that the ATP/ADP ratio is the major of Purkinje cells, we suggest that the direct electrical determinant of channel activity [3, 38] . In addition, K effects of modulating K channel activity are likely to be ATP ATP channels can be modulated by lactate [34] , adenosine more important to overall cardiac excitability and me- [35, 36] , pH [37] heart cannot be discounted. reperfusion [12] . In addition, regional activation of Purkinje K channels may contribute to the dispersion of ATP 4.3. Physiological and clinical relevance refractoriness. Another consideration is that although the levels of glycolytic enzyme in Purkinje fibres and myocarUnder different circumstances, individual drugs targeted dial cells are comparable, the levels of enzymes involved towards K channels may be either pro-or anti-arin oxidative phosphorylation are lower in Purkinje fibres ATP rhythmic, as well as having significant metabolic effects. [46] . This suggests that during ischemia, Purkinje fibres For example, glibenclamide has been observed to exmay be forced to support much of their energy requirement acerbate reperfusion arrhythmias due to after-depolariza-(ATP production) anaerobically through glycolysis. This 1 tions, but to abolish re-entrant arrhythmias (for a review, would raise intracellular H and lactate levels, both of see [42] ). Similarly, K channel activators may be either which are known to further activate K channels [34, 37] .
ATP ATP pro-or anti-arrhythmic. In the case of the Purkinje In addition, the fact that Purkinje fibres are less reliant on network, potassium channel openers such as levoxidative phosphorylation and possess larger glycogen cromakalim may be anti-arrhythmic because the reduction stores suggests that this cell type may be less susceptible to of action potential duration would tend to reduce the damage occurring during ischemic episodes [46] . likelihood of EAD-induced arrhythmias. Membrane hyperpolarization induced by K openers generally reduces 4.4. Conclusions ATP or abolishes abnormal automaticity (spontaneous impulse generation arising from unusually depolarized diastolic We have identified K channels in Purkinje cells of ATP potentials [42] ). However, without actually knowing the rabbit heart and shown that they exhibit all of the general membrane potential and other cellular variables during biophysical and pharmacological properties of their counischemia, it is difficult to predict the precise end effect of a terparts in other regions of the heart. However, the K ATP specific pharmacological treatment. channels of Purkinje cells require about a five-fold higher Cardioprotection due to reduction of metabolic activity ATP concentration for 50% inhibition than do those of 
